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bstract
The microstructure of Shirasu Porous Glass (SPG) membrane has been investigated using metallographic microscope and high-resolution X-ray
icrotomography (XMT) and the obtained results are compared with Hg-porosimetry data. The porosity in 600 cross sections analysed by high-
esolution XMT was found to vary in a narrow range between 52.5 and 57.4% with a mean value of 55.1%. The membrane microstructure looks
imilar on SEM and XMT images with tortuous, interconnected cylindrical pores extending in all directions within the membrane. The formation
f O/W and W/O/W emulsion droplets have been observed in real time using SPG or Microporous Glass (MPG) membrane disks with a mean
ore size between 10.2 and 16.2m. The quality of video recordings was much better when membrane surface was finely polished with diamond
aste, although it did not affect the droplet formation behaviour. The droplets formed at the same pore were highly monodispersed and detached
n regular time intervals, but this time interval showed significant variations for different pores. The SDS-stabilised droplets were detached fromChe pores as soon as they were formed, due to strong electrostatic repulsions between anionic droplets and negatively charged SPG surface. Theween 80-stabilised droplets were kept attached to the membrane surface after formation, before being pushed away by the next droplet formed athe same pore. Under the same conditions the SDS-stabilised droplets were smaller than the droplets stabilised by Tween 80.
2007 Elsevier B.V. All rights reserved.
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. Introduction
The manufacturing process for Shirasu Porous Glass (SPG)
embrane from “Shirasu”, lime, and boric acid has been devel-
ped in the 1980s by Nakashima et al. [1,2]. Shirasu is a volcanic
sh that occurs naturally in the southern areas of Kyushu, JapanUN
C
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ontaining about 86% of SiO2 and Al2O3 in addition to some
ther inorganic oxides. The main difference in chemical com-
osition between SPG and porous Vycor glass is that SPG
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ontains less SiO2 and more Al2O3 and other minor compo-
ents. SPG membrane has been extensively investigated over
he past two decades as a dispersion medium in emulsification
nd gas dispersion processes [3–9]. In ‘direct’ membrane emul-
ification process, one immiscible liquid (the disperse phase)
s forced through the membrane into another immiscible liq-
id (the continuous phase) and microdroplets are formed at the
nterface between the membrane surface and the continuous
hase. Several reviews focused on different aspects of mem-ous Glass membrane emulsification: Characterisation of membrane
servation of droplet formation in real time, J. Membr. Sci. (2007),
rane emulsification technology are available [10–15], as well 18
s mathematical models for prediction of resultant droplet size 19
s a function of pore size, physicochemical properties of the 20
ispersed system, and operating parameters [16–19]. van der 21
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A microscope video system consisting of an inverted met- 109
allographic microscope (MS-511-M, Seiwa Optical Co.), a 110
high-resolution color CCD camera (LCL-211H, Watec Amer- 111
ica Corp. with an image resolution of 480 TV lines and a time 112NC
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raaf et al. [10] summarized the advantages and disadvantages
f membrane emulsification in relation to the production of
ouble emulsions. Joscelyne and Tra¨ga˚rdh [11] reviewed the
xperimental studies focused on the investigation of the effects
f various operating and process parameters, such as mem-
rane type, average pore size and porosity, cross-flow velocity,
ransmembrane pressure and emulsifier, on the direct mem-
rane emulsification. Nakashima et al. [12] presented industrial
pplications of membrane emulsification technology ranging
rom low-fat food spreads and polymer microspheres for liq-
id crystal display to drug delivery systems. Vladisavljevic´
nd Williams [13] reviewed the expanding opportunities for
anufacturing functional particulate products using membrane
mulsification. Gijsbertsen-Abrahamse et al. [15] discussed the
tatus of cross-flow membrane emulsification and outlook for
ndustrial application with special emphasis on the membrane
hoice and optimization.
SPG membrane has been successfully used for the size-
ontrolled production of uniform multiple emulsion droplets
20–22], solid lipid microcapsules [23], polymer microspheres
24], colloidal silica particles [25], solder metal microparti-
les [26], solid-in-oil-in-water (S/O/W) dispersions [27], and
anobubbles [28]. Under dripping regime, the mean particle
ize of resultant emulsion is typically three to four times larger
han the mean pore size of SPG membrane used and the shear
tress at the membrane surface should be at least 10 Pa to assist
n droplet detachment from the pores [8]. The transmembrane
ressure should be kept lower than five times the capillary pres-
ure to prevent the transition from dripping to a continuous jet
egime [8].
In order to gain deep insight into droplet formation behaviour
n membrane emulsification, the process can be observed in real
ime using microscope attached to a CCD camera. This is a stan-
ard experimental approach in microfluidic devices for droplet
eneration [29]. Abrahamse et al. [30] visualized droplet forma-
ion at a small-size micro-engineered membrane with the mean
ore size of 7m and Kobayashi et al. [31] observed droplet for-
ation at a polycarbonate track-etch membrane filter. However,
PG membrane emulsification devices for routine manufactur-
ng applications are usually equipped with tubular membranes
f much larger dimensions than micro-engineered microsieves,
hich complicates or completely excludes the visualization of
roplet generation. Yasuno et al. [32] first visualized droplet
ormation at a flat SPG membrane with the mean pore size of
5m. This work was restricted to the formation of O/W emul-
ion droplets stabilised by SDS (sodium dodecyl sulfate). This
ork is the first attempt to observe in real time formation of mul-
iple emulsion droplets at SPG membrane and to investigate the
ffect of different emulsifiers (SDS and Tween 80) on the droplet
ormation characteristics. In addition, the role of the roughness
f membrane surface on the quality of microscopic images will
e demonstrated which might be of great significance in future
ork. U
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The main advantage of using SPG membrane in liquid and
as dispersion processes is that it contains highly uniform pores.
t can be fabricated with the mean pore size over a wide range
etween 50 nm and 20m and the membrane surface can easily
F
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e rendered hydrophobic, if needed [33]. The microstructure
f SPG membrane has been determined by scanning elec-
ron microscopy, transmission electron microscopy and mercury
orosimetry [33,34]. In this work, the internal structure of SPG
embrane has been investigated for the first time using X-ray
icrotomography (XMT), which allows reconstructions of the
D internal structure of objects non-destructively without any
rior preparation (cutting, coating or vacuum treatment). The
im of using XMT in this work has been to estimate the unifor-
ity of the internal structure of SPG membrane by measuring
he numerical parameters such as porosity and number of pores
er unit area in different 2D areas inside the membrane and to
ompare these values to those estimated by microscopy and Hg
orosimetry.
. Experimental
.1. Real time microscopic observation
The membrane emulsification process was observed in real
ime using the experimental set-up sketched in Fig. 1. A SPG
embrane was placed between the two transparent acryl-plates
sing rubber spacers to form the upper and lower compartment
t both sides of the membrane. The continuous phase (aque-
us solution of emulsifier) flowed in a cross flow through the
pper compartment without any recirculation, while the dis-
ersed phase (soybean oil or W/O emulsion) was injected from
he lower compartment using a syringe pump (Pump 11, Har-
ard, Holliston, USA). The flow rate of the dispersed phase was
onstant at 0.1–5 ml h−1, corresponding to the transmembrane
ux between 0.47 and 23.7 l m−2 h−1. The thickness of the con-
inuous phase film between the membrane surface and the upper
ransparent plate was 3.6 mm.ous Glass membrane emulsification: Characterisation of membrane
servation of droplet formation in real time, J. Membr. Sci. (2007),
ig. 1. Experimental set-up for microscopic observation of droplet formation in
eal time.
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esolution of 30 frames per second) and a 20 in. monitor (PVM-
0M4J, Sony) has been used for the observation of droplet
ormation and membrane surface. Metallographic microscopes
mploys a type of illumination called vertical illumination in
hich the light source is inserted through the microscope tube
elow the eyepiece by means of a beam splitter. The position
f the objective lens was precisely controlled by the XY-stage.
he total magnification on the monitor was 2000. The process
as recorded on a video recorder (HR-DVS3, JVC) using Mini
V video tapes. The MPEG video clips were created from the
ecorded tapes using the Giga Pocket Ver. 2.0 software (Sony).
he JPEG images with a resolution of 1500 × 1125 pixels were
aptured using the V-shot photo grabber (Canopus). The droplet
ize was estimated using the WinRoof image analysis software
Mitani Co.). The size of each pixel in the captured JPEG images
as approximately 0.2m and the calibration was conducted
sing a microscopic image of the eyepiece graticule with a
inor division of 10m, taken at the same magnification as
he images of droplets formation. The droplet diameter was cal-
ulated automatically by the WinRoof software based on three
oints selected manually on the droplet’s edge and the pixel
ize. For all experimental conditions at least 100 droplets were
ounted and measured from at least 10 random active pores.
he number weighted mean droplet diameter dn at specified
perating conditions was calculated using the equation:
n =
∑n
i=1diνi∑n
i=1νi
=
∑n
i=1di/ti∑n
i=1(1/ti)
(1)
here di is the mean droplet diameter at the ith active pore, νi
he mean frequency of droplet generation at the ith active pore,
i the mean time interval between two consecutive droplets at
he ith active pore, and n is the number of active pores observed
n≥ 10). The total number of active pores was estimated fromUN
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he equation:
a = 6Qdn
π
∑n
i=1d
3
i νi
(2)
s
h
t
i
Fig. 2. Sample of SPG membrane for X-ray microtomography and a typi P
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here Qd is the dispersed phase flow rate through the mem-
rane. The total number of pores on the membrane surface was
alculated from the equation [33]:
= 4Amε
πd2pξ
(3)
here Am is the effective membrane area, ε the membrane poros-
ty, dp the mean pore size, and ξ is the mean pore tortuosity. For
PG membrane, ε was found to vary between 0.5 and 0.6 and
= 1.28 [33]. From Eqs. (2) and (3), the proportion of active
ores is given by:
= Na
N
= 3d
2
pξQdn
2εAm
∑n
i=1d
3
i νi
= 3d
2
pξJdn
2ε
∑n
i=1d
3
i νi
(4)
.2. X-ray microtomography for the static observation of
embrane
X-ray microtomographic measurements of SPG membrane
ave been carried out using a desk-top microscanner (SkyScan,
odel 1072, Aartselaar, Belgium) with a maximum pixel resolu-
ion of 3–4m. This instrument consists of a microfocus sealed
-ray tube, a precision object manipulator with two transla-
ions and one rotation, an X-ray CCD-camera, and an external
omputer. SkyScan’s Tview software has been used to display
nd analyse microtomographic cross sections [35,36]. This soft-
are can calculate the porosity, average pore size and number of
ores for any selected area in the cross-section and for any cross-
ection within a sample. A sample of SPG membrane analysed
nd a typical X-ray image obtained is shown in Fig. 2. More than
00 XMT images of the membrane cross-section perpendicular
o the z-axis has been viewed and analysed over the height of
.2 mm at the pixel resolution of 3–4m. The membrane was
sotropic, which was confirmed by XMT analysis of differentous Glass membrane emulsification: Characterisation of membrane
servation of droplet formation in real time, J. Membr. Sci. (2007),
amples of the same SPG membrane (the results are not shown 174
ere). The shape and size of pores is not affected by the orien- 175
ation of the cross-section, because the pores extend randomly 176
n all directions. Kukizaki and Goto [37] recently developed an 177
cal cross-section through the internal microstructure of membrane.
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ig. 3. Scanning electron micrographs of SPG membrane with a polished and u
b) unpolished MPG surface (mean pore size = 16.2m).
symmetric SPG membrane, but in this work only symmetric,
.e. isotropic SPG membranes were used.
.3. Membranes
The experiments have been carried out using flat SPG or
icroporous Glass (MPG) membrane disks with an effective
ross-sectional area of 2.11 cm2 and a mean pore size in the
ange between 10.2 and 16.2m. The SPG membrane disks
abricated at the Industrial Technology Center Miyazaki with a
ean pore size of 10.2 or 15m were polished with diamond
aste to obtain a smooth surface suitable for microscopic obser-
ation. The MPG membrane with a mean pore size of 16.2m
upplied from the ISE Chemical Industries Co. Ltd. was not
olished, as can be seen in Fig. 3. The mean pore size of all
embranes was measured by mercury intrusion porosimetry
sing a pore sizer (model 9320, Shimadzu, Japan) with a res-
lution of 132 size channels in the pore size range of 0.0355–
05.882m.
.4. Emulsion composition
The dispersed phase in oil-in-water (O/W) emulsions was
ure soybean oil supplied by Wako Pure Chemical Industries
td. (Japan) with a density of 920 kg m−3 and viscosity of
3 mPa s at 298 K and the continuous phase was an aqueous solu-
ion containing 1 wt% SDS (sodium dodecyl sulfate) or 1 wt%U
Please cite this article in press as: G.T. Vladisavljevic´ et al., Shirasu Por
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ween 80 (polyoxyethylene (20) sorbitan monooleate). In mul-
iple water-in-oil-in-water (W/O/W) emulsions the continuous
hase was an aqueous solution containing 1 wt% SDS or 1 wt%
ween 80 and the disperse phase was a submicron-sized water-
i
i
m
S Pshed (rough) surface. (a) Polished SPG surface (mean pore size = 15.0m) and
n-oil (W/O) emulsion with 30 vol% of water phase prepared
sing a microfluidizer (model M-110E/H, MFIC Corporation,
A, USA) distributed by Mizuho Industrial Co. Ltd. (Osaka,
apan). The oil phase in W/O/W emulsions was a solution con-
aining 5 wt% polyglycerol polyricinoleate (PGPR) and 95 wt%
oybean oil.
. Results and discussion
.1. Microstructure of SPG membrane
A SEM image of membrane surface and XTM image of
he interior structure for the same piece of SPG membrane
nder the same magnification is shown in Fig. 4. The membrane
icrostructure looks similar on both images with tortuous, inter-
onnected cylindrical pores extending in all directions within
he membrane. Some of the pore cross sections are not circular,
ecause the pores do not always intersect with the cross-sectional
rea at a right angle, and the pore junctions also appear in the
icrographs. A metallographic microscope image of polished
embrane surface with a mean pore size of 15m is shown
n Fig. 5. The pores are visible as tortuous dark contours on a
right non-porous glass surface. The pore sizes estimated from
he micrograph in Fig. 5 by using image analysis techniques
re roughly in the range from 9 to 24m. From the pore size
istribution curve shown in Fig. 5, it can be seen that 80 vol.%
f the pores are in the range from 10.9 to 18.9m. Approx-ous Glass membrane emulsification: Characterisation of membrane
servation of droplet formation in real time, J. Membr. Sci. (2007),
mately 76 circles with a diameter of 15m can be arranged 229
nside the dark regions in Fig. 5, from which it can be esti- 230
ated that there are approximately 76 pores on the micrograph. 231
ince the area shown on the micrograph is 202m × 152m, 232
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dig. 4. Two images of the same piece of SPG membrane with a polished surface
icroscanner. The SEM image shows the membrane surface, whereas the XMT
he number of pores per unit cross-sectional area N/Am is equal
o: 76/(202 × 152 × 10−12) = 2.48 × 109 m−2. For SPG mem-
rane in the whole range of the mean pore sizes, N/Am is related
o the mean pore size dp by the equation: N/Am = 0.56d−2p ,
here N/Am is in m−2 and dp is in m units [33]. For the SPG
embrane of interest dp = 15 × 10−6 m and the above equation
ives N/Am = 2.48 × 109 m−2, which is in excellent agreement
ith the N/Am value estimated from Fig. 5. However, it is impor-
ant to note that the suggested method provides only a rough
stimation of the pore density due to many limitations.
Fig. 6 shows the fluctuations in ε, N/Am, and dp in the z-UN
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irection for the sample of SPG membrane shown in Fig. 2.
he porosity ε was in the range between 52.5 and 57.4% with
mean value of 55.1%, which corresponded very well with
reviously reported porosity values for SPG membrane. The
p
r
t
p
ig. 5. Optical microscope image of SPG membrane with a mean pore size of 15
iameter of 15m that can be drawn within dark contours. The pore size distribution P
RO
OFmean pore size of 15m, taken with scanning electron microscope and X-raye shows the interior of the membrane.
uctuations in the pore size, the pore density and porosity from
ne cross-section to another are rather small, suggesting that the
nvestigated sample contains no large voids or cracks. Vladis-
vljevic´ and Schubert [4] using pycnometry obtained a porosity
etween 53 and 60% for SPG membranes with dp between
.4 and 6.6m, whereas Vladisavljevic´ et al. [33] using Hg
orosimetry obtained ε in the range from 50.4 to 58.1% for
p = 0.4–20.3m. It is important to note that both techniques
ive only an average membrane porosity. As shown in Fig. 5,
he local mean pore size dp ranged between 18 and 21m,
hich was higher than the value of 15m, obtained using Hg-ous Glass membrane emulsification: Characterisation of membrane
servation of droplet formation in real time, J. Membr. Sci. (2007),
orosimetry data. It was probably because pore junctions were 259
ecognized by Tview software as a single large pore rather then 260
wo separate smaller pores. As a result of that, the number of 261
ores per unit cross-sectional area has been underestimated. For 262
m, taken with a metallographic microscope and 76 cylindrical pores with a
curve for the given membrane obtained by Hg porosimetry is also presented.
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ig. 6. Variations in membrane porosity, number of pores per unit cross-
ectional area and mean pore size at different cross sections within the sample
f SPG membrane shown in Fig. 2.
xample, N/Am in Fig. 6 was in the range of (1.7–2.1) × 109 m−2
or z = 0–2.2, whereas the value of 2.48 × 109 m−2 was calcu-
ated from the equation N/Am = 0.56d−2p . As shown in Fig. 7,
he experimental XMT data points are close to the theoretical
traight line with the equation: N/Am = 0.56d−2p .
.2. Visualization of droplet formation at SPG membrane
Microscopic images of the unpolished MPG membrane were
nclear and pores could not be distinguished from non-porous
lass regions, as can be seen in Fig. 8b. It is a consequence of
he reflection of light beam from a rough membrane surface at
ifferent angles. For making high quality photos like in Fig. 8a,
t was necessary to use SPG membranes with a polished surface.
ll photos in Fig. 9 are made using a polished SPG membrane
ith the mean pore size of 15m. Micrographs (a), (b), andUN
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d) have been taken at relatively low droplet generation rate
etween 0.062 and 0.21 droplets per second, i.e. between 16.1
nd 4.8 s/droplet. Several Tween 80 stabilised droplets attached
o the membrane surface can be seen in each photo. Micrograph
d 299
a
p
l
ig. 8. Microscopic images of droplet formation on the surface of SPG membrane
npolished membrane shown in Fig. 3(b). P
RO
ig. 7. Number of pores per unit cross-sectional area of SPG membrane esti-
ated by Hg porosimetry and X-ray microtomography.
(c) shows rapid generation of SDS-stabilised droplets at a rate
f about 10 droplets per second. Five uniform droplets formed
ne after the other at the pore 2 and three uniform droplets
ormed at the pore 1 can be seen in the figure. After forma-
ion, the droplets were carried away by the continuous phase in
he direction shown with a large arrow. The distance between
he neighboring droplets is almost the same, indicating that the
ime interval between generation of two consecutive droplets
as virtually the same.
Even if droplets formed at the neighboring pores contacted
ach other no coalescence was observed. The following prob-
ems in droplet formation have been identified: (i) formation of
mall droplets of sizes comparable to the pore size, as shown in
ig. 9(f); (ii) formation of very large droplets of sizes several
imes greater than the mean droplet size (Fig. 9(e)). The forma-
ion of droplets several times smaller or larger than the mean
roplet size poses a problem, because it largely decreases the
egree of monodispersity and leads to multi-modal particle size
istribution (bi- or even tri-modal). Small droplets were prob-ous Glass membrane emulsification: Characterisation of membrane
servation of droplet formation in real time, J. Membr. Sci. (2007),
bly formed as a result of the breakup of oil threads inside the 300
ores by capillary instability, similar to the mechanism postu- 301
ated in premix membrane emulsification [21]. It is based on the 302
of two different roughnesses: (a) polished membrane shown in Fig. 3(a); (b)
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Fig. 9. Microscopic images of droplet formation on the surface of polished SPG membrane with dp = 15m: (a) O/W emulsion, Tween 80, Qd = 0.3 ml h−1,
Qc = 100 ml h−1; (b) O/W emulsion, Tween 80, Qd = 0.2 ml h−1, Qc = 100 ml h−1; (c) O/W emulsion, SDS, Qd = 4 ml h−1, Qc = 700 ml h−1. The direction of continuous
phase velocity is indicated with large arrow and the location of active pores 1 and 2 is indicated with small arrow; (d) O/W emulsion, Tween 80, Q = 0.2 ml h−1,
Q −1; (f
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ORc = 100 ml h
−1; (e) O/W emulsion, Tween 80, Qd = 0.2 ml h−1, Qc = 100 ml h
ween, Qd = 0.1 ml h−1, Qc = 100 ml h−1; (h) multiple emulsion droplets collec
ayleigh instability, which predicts that an oil thread of radius
< Rp will break up inside the pores of radius Rp into smaller
ragments of lengthλ to minimize surface energy, whereλ = 2πR
s the dominant wavelength of the instability. It is easy to show
hat the ratio of the radius of the final droplets to the pore radius
s smaller than (3π/2)1/3 (=1.68), which means that normally
his mechanism does not occur in the direct membrane emulsifi-U
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ation, in which the radius of the final droplets to the pore radius
s higher than 2 and often higher than 3.
Large droplets shown in Fig. 9(e) were formed at the pore
utlets at the oil flow rates higher than a critical flow rate through
i
sd
) O/W emulsion, SDS, Qd = 4 ml h−1, Qc = 700 ml h−1; (g) W/O/W emulsion,
ter emulsification.
pore. When multiple W/O/W emulsion droplets were formed,
he membrane surface was covered by a thin continuous layer
f the dispersed phase (W/O emulsion), which is noticeable in
ig. 9(g) because a W/O emulsion is non-transparent, unlike a
ure oil.
.3. Droplet formation timeous Glass membrane emulsification: Characterisation of membrane
servation of droplet formation in real time, J. Membr. Sci. (2007),
The droplets have been formed and detached in regular time 320
ntervals at the same active pore, but this time interval showed 321
ignificant variations over the membrane surface, as can be seen 322
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n Fig. 10 for eight randomly chosen active pores. The pores
ave been observed during the same experiment in which the
il flow rate through the membrane was maintained constant at
.2 ml h−1. As can be seen, the time interval between the breakup
f two consecutive droplets from the same pore was virtually
he same, but varied from 1.4 to 5.8 s for different pores. Only
ctive pores has been taken into account in Fig. 8, but in fact
he great majority of the pores was inactive under the conditions
pecified.
As shown in Fig. 11, the droplets formed at the same active
ore had almost the same diameter, but this diameter varied over
relatively wide range for different pores. As a rule, the longerUN
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he time interval between two consecutive droplets formed at
he same pore, the greater the droplet diameter. It means that
he mean dispersed phase flow rate through each active pore
ig. 11. Variation in diameters of the droplets formed consecutively at eight ran-
omly chosen active pores. The pores are the same as in Fig. 10 (Jd = 1 l m−2 h−1,
V = 11.7%, dn = 31.4m, k = 1%). The k-value was calculated using Eq. (4).
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ends to be constant. As Fig. 10 shows, the shortest time inter-
al between two consecutive droplets was found for pore 1 and
he smallest droplets were formed at that pore, as can be seen
n Fig. 11. The coefficient of variation CV for all droplets in
ig. 11 was 11.7% which is within a range of 10–17% typi-
ally reported for direct SPG membrane emulsification [38,32].
n the other hand, droplets formed at the same pore had a
V between 0.5 and 1%, which is a typical CV for droplets
ormed in flow focusing microfluidic devices [39]. It can be con-
luded that droplets formed at the same pore of SPG membrane
re highly monodisperse and that the droplet polydispersity of
ver 10% is a consequence of the fact that differently sized
roplets are formed at different pores. For the droplets consid-
red in Fig. 11, Eq. (1) gives dn = 31.4m and thus dn/dp = 3.1,
hich agrees very well with previously reported dn/dp values
or SPG membrane [3,8]. The proportion of active pores k for
he conditions given in Fig. 11 was 1%, calculated from Eq. (4).
sing equation: k = JdηdRm/ptm, the fraction of active pores
n cross-emulsification using SPG membrane with dp = 4.8m
t ptm/pcap = 1.5–2 was estimated to be 1.3% [7]. A reason
or a low proportion of active pores in this work was a low
ransmembrane pressure.
.4. Effect of emulsifier type on droplet formation
ehaviour
The choice of emulsifier is often critical for the success of
embrane emulsification [9,40]. A chosen emulsifier should
apidly adsorb to the newly formed oil–water interface to reduce
he interfacial tension, but it should not adsorb to the membrane
urface, because it would lead to its wetting with the dispersed
hase, due to switch in membrane polarity from hydrophilic
o hydrophobic and vice versa. A hydrophilic (untreated) SPG
embrane has a negative surface potential of −15 to −35 mV
ithin a pH range of 2–8, due to dissociation of acidic silanol
roups. Therefore, in order to prevent electrostatic deposition
f emulsifier on the surface of a hydrophilic SPG membrane,
he use of cationic emulsifiers such as alkyl-substituted quater-
ary ammonium salts must be avoided [3]. In this work, we have
bserved generation of oil droplets stabilised by 1 wt% SDS or
ween 80 to find out if there is any difference in droplet forma-
ion behaviour between non-ionic and anionic surfactants. As
hown in Fig. 12, for the same oil flux, the frequency of droplet
eneration was substantially greater for SDS than for Tween-
tabilised droplets. According to Eq. (4), it indicates that the
roportion of active pores was lower for SDS-stabilised emul-
ions. It is interesting to note that over the flux range between
and 10 l m−2 h−1, a linear relationship was observed between
d and ν, reflecting the fact that under these conditions the pro-
ortion of active pores was independent on Jd. At the same oil
ux and emulsifier type, ν was independent on the mean pore
ize and the roughness of the membrane surface.
The SDS-stabilised droplets were detached from the pores asous Glass membrane emulsification: Characterisation of membrane
servation of droplet formation in real time, J. Membr. Sci. (2007),
oon as they were formed, due to strong electrostatic repulsions 389
etween anionic droplets and the negatively charged surface of 390
he SPG membrane. The non-ionic Tween 80-stabilised droplets 391
ere kept attached to the membrane surface after formation, 392
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ig. 12. The effect of dispersed phase flux on the mean frequency of droplet
eneration for different emulsion formulations.
ntil they were pushed away by the next droplet formed at the
ame pore. It was a consequence of negligible surface charge of
ween 80-stabilised droplets in comparison with droplets sta-
ilised by SDS. For example, the ξ-potential of SDS-stabilised
orn oil droplets in an aqueous solution containing 0.2 wt% SDS,
0 mM NaCl, and 100 mM acetic acid at pH 3 was found to be
105 mV [41]. The ξ-potential of corn oil droplets stabilised
y Tween 80 at the same conditions was found to be −12 mV,
ostly due to the presence of small amount of free fatty acids
n oil [41].
Due to the existence of strong electrostatic repulsion betweenUN
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he droplets and membrane surface that assists in droplet detach-
ent from the pores, it is reasonable to expect that under the
ame conditions the resultant SDS-stabilised droplets will be
maller than the droplets stabilised by Tween 80. This predic-
ig. 13. The effect of mean pore size of SPG membrane on the mean particle size
n the presence of 0.5 wt% SDS or Tween 80 for various experimental set-ups
42].
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ion has been confirmed in Fig. 13 for different experimental
et-ups, e.g. tubular cross-flow membrane, flat membrane disks
nd SPG tubes in a stirred vessel. As expected, the mean parti-
le size dn was proportional to the mean pore size dp for both
mulsifiers, but for SDS the value of dn/dp was 3.02, whereas
n/dp = 3.43 for Tween 80. All experiments in Fig. 13 have been
arried out at the transmembrane pressures slightly higher than
he capillary pressure, therefore in the dripping regime, where
esultant droplet size is not critically dependent on shear rate at
he membrane surface, but primarily on the pore size and the
hoice of emulsifier.
. Conclusions
The microstructure of Shirasu Porous Glass (SPG) membrane
as been investigated using metallographic microscope and
igh-resolution X-ray microtomography (XMT). The porosity
n 600 cross sections of SPG membrane analysed by high-
esolution XMT was found to range between 52.5 and 57.4%
ith a mean value of 55.1%, which corresponded very well
ith Hg-porosimetry data. The XMT data indicates that SPG
embrane has very uniform porosity throughout the whole
ross-section without any internal defects such as cracks or
arge voids, which is of high relevance in membrane emul-
ification. The mean pore size determined by high-resolution
MT was overestimated by 20–40% due to low pixel reso-
ution and the presence of many pore junctions. For making
igh-quality images with metallographic microscope, the sur-
ace of SPG membrane should be finely polished with diamond
aste. No droplet coalescence was observed even if droplets
ontacted each other at the membrane surface. When multiple
/O/W emulsion droplets have been formed, the membrane
urface was covered by a thin layer of the dispersed phase
W/O emulsion).
The droplets have been detached from the same pore in reg-
lar time intervals, but this time interval showed significant
ariations for different active pores. The proportion of active
ores was 1% and independent on the transmembrane flux in
he range of oil fluxes investigated. The droplet production rate
as substantially higher for SDS- than for Tween 80-stabilised
roplets, indicating that the proportion of active pores was lower
or SDS than for Tween 80 stabilised-emulsions. The SDS
tabilised-droplets were detached from the pores as soon as they
ere formed, due to strong electrostatic repulsions between the
roplets and negatively charged SPG surface. The Tween 80
tabilised-droplets were kept attached to the membrane surface
fter formation, before being pushed by the next droplet formed
t the same pore. Under the same conditions the SDS-stabilised
roplets were smaller then the droplets stabilised by Tween 80.
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ist of symbols
m cross-sectional area of membrane (m2)
i mean droplet diameter at the ith active pore (m)
n Number-weighted mean droplet diameter (m)
p mean pore size of membrane (m)
d dispersed phase flux (m s−1)
proportion of active pores (Na/N)
number of active pores observed
total number of pores
a number of active pores
cap capillary pressure (Pa)
ptm transmembrane pressure (Pa)
c flow rate of continuous phase above membrane
(m3 s−1)
d flow rate of dispersed phase through membrane
(m3 s−1)
m membrane resistance (m−1)
time (s)
coordinate perpendicular to membrane cross sections
(m)
reek symbols
porosity of membrane wall
d viscosity of dispersed phase (Pa s)
mean frequency of droplet generation (s−1)
mean tortuosity factor of pores
ubscript
refers to ith active pore or ith droplet
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